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Laser-based joining of thermoplastics to metals shows a great potential for functional design especially in terms of lightweight
constructions. In the joining process, the joining speed and the energy per unit length, respectively, show an influence on time-
temperature profiles measured in the joining zone.The time-temperature profile affects the joining zone and consequently the joint
behavior in mechanical testing. In the current investigation, the joining zone was characterized by the melting layer. Moreover,
the mechanical properties of the joint by tensile shear testing and the fracture mode were investigated. Based on the results
obtained, three sets of joining speeds/energies per unit length with different mechanical behaviors were selected for further
investigations under varied ambient conditions. Thereby, the influence of outdoor weathering as well as aging above the glass
transition temperature of the plastic part on the joint’s performance was compared with the nonaged joints.
1. Introduction
Composite constructions are gaining importance in auto-
motive industries and mechanical engineering due to legal
requirements, for example, environmental aspects associ-
ated with reduced emission values, and more efficient con-
structions, for example, the weight reduction of moving
parts in machine-tools. Particularly the use of materials
with different characteristics shows the possibility for novel
constructions with a high functional density and provides a
new engineering approach to enhance loadability, stiffness,
or fatigue of components without an increase in weight. The
implementation of this approach depends on the key factor of
joining technology to realize multimaterial-designs by using
newly deployed materials.
Metal-thermoplastic joints show a high potential con-
cerning the above-mentioned points. However, metals and
thermoplastics have fundamentally different physical char-
acteristics, preventing the use of common processes like
fusion welding. Furthermore, mechanical joining methods
possess disadvantages due to stress peaks and notches, for
example, in screwed joints, and adhesive bonding regarding
long hardening times. In contrast, thermal joining allows
direct connection between both materials, enabling a flat and
firmly bonded joint with high loadability. In thermal joining,
a sufficient heat flux canmelt the thermoplasticmaterial at the
boundary layer between both joining partners. The molten
material penetrates the structures of the metal and wets its
surface. After solidification of the thermoplastic, a permanent
joint is formed.The process can be performed by a conductor
[1], an inductor [2], friction joining [3], ultrasonic [4] and
resistance welding [5], or laser radiation [6]. The use of the
laser shows advantages over competitive processes, because
of a geometrically independent and locally limited joint zone.
In addition, the adjustment of a specific time-temperature
profile depending on the properties of the selected materials
is possible. The process can be performed as transmission or
heat conduction joining. In transmission joining, the laser
beam is passed through the thermoplastic joining partner
and is partially absorbed at the metal surface towards the
boundary layer. The thermoplastic material gets molten by
thermal conduction at the contact area and is able to form
a joint as described. In heat conduction joining, the laser is
targeted at the metal surface as upper joining partner and
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the resulting heat is conducted through the metal plate into
the joining zone. In contrast to transmission joining, the
transmissivity of the thermoplastic within laser wavelength
is not necessary and a high thermal load of the thermoplastic
due to the absorption of the laser beam at the contact area can
be prevented.
Various investigations were conducted to understand
different features of laser joining. In the field of process
strategy, Jung et al. [7] and Katayama et al. [8] showed the
influence of transmission and heat conduction joining. In
terms of bonding mechanisms, Kawahito and Katayama [9]
and Arai et al. [10] detected firm bonding between metal
and plastic. Markovits et al. [11] demonstrated the influence
of locking mechanism to achieve a higher loadability of the
joint. To achieve a suitable interlocking, surface preparation
of the metal sheet is required. Various surface preparation
methods were investigated such as laser-based processes
[12, 13], chemical etching [14], corundum blasting [15], and
machining [16]. Independent of the structuring process,
structure density and a sufficient number of undercuts
showed the highest influence on the joint’s strength. On the
basis of surface preparation, three different fracture modes
can be distinguished by process management according to
Wahba et al. [17]: the interface fracture at the boundary
layer, a mixed fracture within the boundary layer and base
material, and a base plastic fracture. Further investigations
on mechanical behavior exist for monotonic [12] as well as
for cyclic loads ([4] on ultrasonic welding). A correlation
between thermoplastic morphology and mechanical behav-
ior does not exist yet, as it was shown for laser transmission
welding of plastics in Ghorbel et al. [18] and Al-Wohoush
and Kamal [19], although a morphological characterization
for spot joints was published in Schricker et al. [20].
Besides mechanical loads, the impact of varied ambient
conditions on loadability is shown in Amend et al. [21] and
Roesner [22] for climate and corrosion tests depending on
varied surface structures, respectively, structure density. This
paper gives a comprehensive relation betweenmorphological
parameters, time-temperature profiles, andmechanical prop-
erties due to aging effects.
2. Experimental Setup
The experimental investigations were performed using a
fiber-coupled diode laser (Laserline LDM 3000, 𝜆 = 980 nm,
and 𝑃𝐿,max = 3 kW) with a spot diameter of 6mm, a laser
beam power (𝑃𝐿) of 1 kW, a dwell time (𝑡𝑑) of 8 s at seam start,
and a joining pressure of 0.5N⋅mm−2 within joint zone. The
experimental setup is shown in Figure 1(a). As materials, an
aluminum alloy (EN AW 6082 according to DIN EN 573-3
[23]) with 𝑡 = 1.5mm and Polyamide 6.6 (Nylon 6.6, PA
6.6) with 𝑡 = 2mm were used. The process was carried out
as heat conduction joining. The metal surface was prepared
by a 20W fiber-laser (Rofin PowerLine F20) with line-
shaped structures in joining direction (width: 25𝜇m, depth:
30 𝜇m, and structure density: 28 lines⋅mm−1, Figure 1(b)) to
enhance the joint loadability.The overlap configuration of the
specimens is shown in Figure 2(a).
Laser processing optics
Clamping device
Specimens
(a)
Thermoplastic
Aluminum
Surface structures
50 𝜇m
(b)
Figure 1: (a) Experimental setup and (b) surface morphology of the
metal joining partner.
Based on this experimental setup, the joining speed
was varied in order to adjust the time-temperature profile,
thermoplastic morphology, and mechanical behavior. The
time-temperature profile was recorded by a thermocouple
type K (diameter: 0.2mm) within the joint zone (Figure 2(a))
with a recording rate of 100Hz using a Dewetron DEWE
800 system. These results were linked to investigations of
the thermoplastic melting layer. The microsections were cut
out after a joint length of 75mm (Figure 2(a)). Thereby,
the weld zone is described by the melting layer thickness.
Microsections for further investigations on the thermoplastic
morphology were taken at the maximum of the melting layer
and the edge of the lap joint (Figure 2(b)). The specimens
were prepared by sputtering with ionized argon and exam-
ined by differential interference contrast microscopy (DIC).
The mechanical behavior was characterized by tensile shear
testing (test speed: 240mm⋅min−1, sample width: 50mm, see
Figure 2(a)) with a clamping length of 30mm. The sample
width was selected based on industrial automotive testing
standards. The high test speed was set to limit the influence
of ductility in mechanical testing. Thereby, the influence of
joining speed and time-temperature profile on mechanical
properties can be shown.
Based on the results obtained, three sets of parameters
were selected to identify the influence of different ambient
conditions on the joint’s mechanical performance. The aging
behavior according to outdoor weathering was performed
based onDIN EN ISO 877-1 for 12 weeks [24].The test station
was aligned to south at an angle of 45∘. A meteorological
station recorded atmospheric temperature, global radiation,
rainfall, ozone, and humidity to correlate possible effects.
Tensile shear test specimens were taken out of the test station,
mechanically tested within 60 minutes, and compared to
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Figure 2: (a) Overlap configuration and sample-taking; (b) microsections.
stored reference specimens every seven days. Furthermore,
the joint was thermally aged above glass transition tem-
perature (𝑇𝑔 ≈ 85
∘C) at 155∘C ± 3K to investigate the
crystallization of amorphous areas within the polymer and
the impact on mechanical properties. The test time was set
to seven days. Specimens for tensile shear test were taken out
every 24 hours.
Besidesmechanical properties, themorphology and ther-
mal behavior of the joints were examined. A differential
scanning calorimetry (DSC, Netzsch DSC 204 F1) with the
heating rate of 10 K⋅min−1 was used for material character-
ization in a temperature interval from 25∘C up to 300∘C.
The heat of crystallization in heating phase, Δ𝐻, was used
for characterization of the crystallinity. The temperatures
of initial melting range 𝑇im (240
∘C) in heating phase and
initial solidification range 𝑇ic (230
∘C) in cooling phase were
examined, too. The specimens were taken out from the base
material to identify the influence of aging on thematerial and
joint behavior.
The results allow a correlation between time-temperature
profile and morphology as well as the influence of aging
effects on mechanical properties and fracture behavior for
laser-manufactured metal-plastic joints.
3. Results and Discussion
3.1. Melting Layer and Mechanical Properties in Laser-Based
Thermal Joining. In laser-based joining of metals to plastics,
a characteristic time-temperature profile occurs depending
on beam power, beam intensity and profile, materials, and
joint geometry. In this work, the joining speed was varied
from 2mm⋅s−1 up to 7mm⋅s−1 with 1mm⋅s−1 intervals to
obtain different time-temperature profiles. Within this speed
interval,massive thermal degradation of the plastic is avoided
at lower joining speeds. Molten polymer completely wet
the whole overlap width and was ejected at the edges of
the overlap (Figure 3(a)). The weld width in this parameter
field is identical to the overlap width due to the high
thermal conductivity of aluminum. Figure 3(b) shows the
time-temperature profiles at different joining speeds for 80
seconds. The process starts at 0 s and the dwell time of 8 s is
shown in the figure as 𝑡𝑑.
The maximum temperature and position depends on the
joining speed. Due to the dwell time and the moving laser,
the temperature increases and themaximum is reached when
the spot passes the measuring point. Thereby, a maximum
temperature between 305∘C and 365∘C, depending on joining
speed, was reached. Afterwards, the temperature decreases
and an inflection point, corresponding to the end of the laser
process, occurs. Based on material depending temperatures,
temperature of initial melting range 𝑇im (PA6.6: 240
∘C) and
initial solidification range 𝑇ic (PA6.6: 230
∘C), the thermo-
plastic material is molten during the process within the time
interval (Δ𝑡) between 𝑇im in heating phase and 𝑇ic in cooling
phase as described by Schricker et al. [25]. By increasing the
joining speed, the time interval Δ𝑡 is getting smaller and less
4 International Journal of Polymer Science
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Figure 3: (a) Overlap width is equivalent to weld width (characteristic example for joining speed 4mm⋅s−1). (b) Temperature-time profiles
from 2mm⋅s−1 up to 7mm⋅s−1.
time is available for wetting (Figure 4). Moreover, the plastic
base material is less thermally influenced due to a reduced
energy input.
The influence of time-temperature profiles on the ther-
moplastic material can be characterized, for instance, by the
changes in the thickness of the melting layer. In this paper,
however, the time-temperature profiles are not correlated
directly to the melting layer’s thickness, because microsec-
tions and thermocouples were not in the same position. Such
correlation can be found in Schricker et al. [25]. Instead, the
melting layer thickness is correlated to the joining speed and
the energy per unit length.
Figure 5 shows the correlation between the thickness
of the melting layer and the joining speed. Starting from
560𝜇m at 2mm⋅s−1, the thickness was decreased to 286 𝜇m
at 7mm⋅s−1 due to the reduced energy input by increasing the
joining speed as well as reduced time interval Δt. Moreover,
Figure 6 illustrates the correlation between themelting layer’s
thickness and the energy per unit length (𝐸 = 𝑃𝐿⋅v−1). The
correlation between melting layer’s thickness and energy per
unit length corresponds to process efficiency in laser material
processing according to Hu¨gel and Graf [26]. 𝐸 reached
values between 143 kJ⋅m−1 and 500 kJ⋅m−1 without melting
the aluminum due to the large spot diameter of 6mm.
It should be noted that the melting layer thickness can
be adjusted by altering the joining speed and energy per unit
length. Therefore, the thermoplastic morphology within the
melting layer changes, too.
Figure 7 shows microsections of the maximum and edge
of the melting layer within PA6.6 (according to Figure 2(b))
for two different joining speeds. Within the thermoplas-
tic morphology, four different zon es can be determined:
the molten zone (1), a zone of fine microstructure (2), a
partially molten zone (3), and the heat affected zone and
International Journal of Polymer Science 5
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Figure 4: The influence of joining speed on the time interval of
molten polymer at the boundary layer.
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Figure 5: Melting layer thickness depending on joining speed.
base material (4). The time-temperature profile of the laser
process influences these areas. On one hand, varied sizes
of microstructures are caused by a high cooling rate due
to nucleation, for example, between zone (1) and zone (2).
On the other hand, the polymer is not completely molten
in zone (3). For this reason, the described time interval Δt
is considered between 𝑇im and 𝑇ic. These partially molten
structures can be evidently deformed at the edge (position
B in Figures 7(a) and 7(b)) by the melt pool movement due
to joining pressure and the related melt ejection. These areas
can be determined independent of the joining speed and Δt
(Figures 7(a) and 7(b)), even if the thickness of these areas is
changing.
Besides a change in morphology (Figure 7) and melting
layer’s thickness (see Figures 5 and 6), the mechanical
properties were also influenced by the process management.
Figure 8 shows characteristic force-crosshead travel graphs
for varied joining speeds during tensile shear testing. For
the joining speed of 2mm⋅s−1, a fracture within plastic base
material near the joining zone was reached with a maximum
force of approximately 4 kN and a brittle fracture behavior.
By increasing the joining speed, the maximum crosshead
travel was increasing, too. The failure within plastic base
material remained, even when higher force and crosshead
travel were reached. However, by increasing the joining speed
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Figure 6: Melting layer thickness depending on energy per unit
length.
the fracturemode changes to ductile, as shown for the joining
speed of 6mm⋅s−1 in Figure 8. It is believed that the necking
within PA6.6 begins at the plateau when the maximum force
was reached.
A potential explanation for this behavior is the higher
percentage of existing amorphous areas by increasing the
joining time, since the amorphous parts show a greater
ductility compared to the crystalline areas. Increasing the
joining speed results in a narrow time-temperature profile
and a higher cooling rate (see Figure 3(b)), leading to an
increase in the amorphous areas. Furthermore, the changes in
the morphology of PA6.6 in the heat affected zone can affect
the failure behavior, because failure occurred always in the
heat affected zone in the polymer base material. The named
parameters as well as the notch effect by the molten polymer
ejection, the crack initiation, and crack growth depending on
morphology are objects of future investigations. In all cases,
the joint strength was greater than the plastic base material
strength.
To further analyze the aging behavior of the joints, three
joining speeds were selected from 2 to 4mm⋅s−1. Compared
to each other, these joining speeds show a significantly
different mechanical behavior, even if the fracture was always
within the plastic base material. Therefore, the influence of
outdoor weathering and thermal aging on fracture mode,
force-crosshead travel graphs, and the morphology of PA6.6
will be shown next.
3.2. Outdoor Weathering. The joints were aged under out-
door weathering conditions to determine the influence on
mechanical properties of the joints. During outdoor weather-
ing, the climate data were recorded. The average air temper-
ature was between 6∘C and −1.2∘C from October to February
and the added up precipitation (rain/snow) per week was
between 0 and 44.5 litre⋅m−2.
Figure 9 shows the maximum force obtained after tensile
shear testing depending on the weathering time in weeks.
Reference specimens, which were not exposed to outdoor
weathering and stored indoor, are shown for the beginning
of the experiment (“0”) and after 12 weeks (“Ref”). Both
sets of specimens show a comparable average ultimate force
6 International Journal of Polymer Science
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Figure 7: Morphology of the melting layer for (a) 2mm⋅s−1 and (b) 7mm⋅s−1 at maximum (A) and edge position (B).
depending on the joining speed, as already discussed in
Section 3.1.
Because of the weathering conditions, the average forces
obtained decreased significantly to approximately 3.5 kN for
all the joining speeds after 12 weeks of weathering (Figure 9).
Furthermore, no difference in the joint’s strength based on
the selected joining speed was identified after 12 weeks
of weathering. Nevertheless, the fracture occurred always
within the PA6.6 base material, similar to the joints before
weathering.
To explain the effects of the weathering conditions, a
typical force-crosshead travel curve for each week is shown in
Figure 10 (as an example for the joining speed of 4mm⋅s−1).
As can be seen, the crosshead travel increased to 130mm in
week 10 (10 w). In contrast, the maximum force decreased to
approximately 3.5 kN after 10 weeks. As the weathering time
increases week by week, the absorption of moisture increases
as well, leading to the plasticization of PA6.6. Polyamide is
known as a plastic with high moisture absorption [27]. The
plasticization of PA6.6 increases the crosshead travel (plateau
part of the curve) while reducing the joint’s strength during
tensile shear testing as can be seen in Figure 10. In additional,
specimens were stored in water for 14 days (weight increase
ca. 2.5%) and showed a similar behavior (maximum force:
ca. 4.5 kN, crosshead travel: ca. 70mm) to comprehend this
effect. In weeks 11 (11 w) and 12 (12 w), a reduced crosshead
travel was reached, although the ultimate force remained
constant. A correlation to the climate data could explain this
effect. Within these two weeks, the average air temperatures
of −1.2∘C and −0.3∘C were the lowest during the examined
time period which is a possible approach to explain this
behavior.
A comparison between the joining speeds of 2mm⋅s−1
and 4mm⋅s−1 presents the harmonization in mechanical
behavior after outdoor weathering (Figure 11). The reference
specimens showed the same behavior as discussed in Sec-
tion 3.1. After 12 weeks of weathering, the force-crosshead
travel graphs of both joining speeds were harmonizing
concerning their mechanical behavior. The necking started
at a crosshead travel of about 1mm and the force reached
a plateau at approximately 3.7 kN for both curves. Further
investigations on the influence of weathering conditions on
the physical properties of PA6.6 by DCS analysis did not
confirm any changes. The melting temperature as well as the
crystallization temperature was not affected by the selected
period of outdoor weathering, although the characterization
of the mentioned temperatures by DSC for Polyamide 6.6 is
reported to be challenging [27].
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3.3. Aging Above Glass Transition Temperature. Figure 12
shows the maximum reached forces in tensile shear testing
after aging the joints above glass transition temperature of
PA6.6 at 155∘C ± 3K for up to seven days. The reference
specimens (shown as “0”) were tested prior to aging, which
show the average forces from 4.8 kN to 7.3 kN depending
on the joining speed. The initial situation is similar to the
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force-crosshead travel graphs shown in Figure 9 and the
explanation in Section 3.1. After the aging, the maximum
force decreased to a mean value of 2.7 kN independent of
the joining speed. Individual variances in the force for each
joining speed are not considered in this discussion because
they lie within the standard deviations.
Furthermore, Figure 12 shows the fracture mode for a
joining speed of 4mm⋅s−1. After one day at this temperature,
a brittle fracture behavior occurs within the plastic base
material. After seven days, the fracture mode is comparable
to shorter aging times, but the intensity of yellowing is
significantly increased. Figure 13 shows a representation of
these results in correlation to the aging times, as an example
for the joining speed of 4mm⋅s−1. The reference specimens
showed amean force of 7.3 kN and amean crosshead travel of
6mm.Themean force and crosshead travel were significantly
decreased to 2.6 kN and 0.8mm, respectively.
Based on this behavior, the crystallinity was measured
by DSC (see Section 2.). The results are shown as heat
of crystallization (Δ𝐻) within the chart. Thereby, ΔH is
increased from 52 J⋅g−1 to 70 J⋅g−1 after one day and to 76 J⋅g−1
after seven days of aging which leads to the conclusion
8 International Journal of Polymer Science
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of an asymptotic curve concerning a maximum of Δ𝐻.
Increasing the degree of crystallization (as concluded by
an increase in the enthalpy, Δ𝐻) influences elongation and
also crosshead travel due to the reduced movability of the
crystalline areas compared to the amorphous ones. Such
increase in crystallinity and decrease in ductility led to the
lower crosshead travel as shown in Figure 13. Besides an
increase in crystallinity, the melting temperature was slightly
reduced from 266∘C to 263∘C which may be an indication of
chemical degradation of PA6.6.
Similar to unaged specimens, the fracture mode also
occurred in plastic base material after aging above the glass
transition temperature as seen in Figure 12. The mechanical
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Figure 13: Correlation of force and crosshead travel to aging time
(joining speed of 4mm⋅s−1).
properties between different joining speeds in reference sam-
ples changed due to the increased degree of crystallization
to a similar behavior. The brittle fracture occurred for all
specimens in the investigated interval of joining speeds from
2 to 4mm⋅s−1 and after aging the joints above the glass
transition temperature of PA6.6.
4. Conclusions
Within this paper, the correlation between time-temperature
profile, joining speed, and melting layer thickness was dis-
cussed and linked to thermoplastic morphology for laser-
manufactured aluminum-polyamide 6.6 joints. Depending
on different joining speeds, the mechanical behavior was
characterized and three joining speeds were selected for out-
door weathering and thermal aging above the glass transition
temperature at 155∘C ± 3K.
The fracture after tensile shear testing occurred in the
plastic base material despite outdoor weathering and ther-
mal aging for the time period considered. Also the force-
crosshead travel graphs showed a harmonized behavior due
to moisture effects and increased crystallinity.
Further investigations on longer time periods, additional
ambient conditions, and alternative materials, for example,
polyolefins, are necessary. This allows the relation of the
shown effects on morphology and mechanical properties
to the impact of varied ambient conditions and material
characteristics.
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